Source mechanism of long-period events recorded by a high-density seismic network during the 2008 eruption on Mount Etna by De Barros, L. et al.
JOURNAL OF GEOPHYSICAL RESEARCH, VOL. ???, XXXX, DOI:10.1029/,
Source Mechanism of Long Period events recorded by
a high density seismic network during the 2008
eruption on Mt Etna
L. De Barros
1
, I. Lokmer
1
, C.J. Bean
1
, G. S. O’Brien
1
, G. Saccorotti
2
, J.-P.
Me´taxian
4
, L. Zuccarello
1,3
, D. Patane`
3
1School of Geological Sciences, University
College Dublin, Dublin, Ireland.
2INGV-Pisa, Pisa, Italia.
3INGV-Catania, Catania, Italia.
4LGIT, Universite´ de Savoie-IRD-CNRS,
Chambe´ry, France.
D R A F T April 9, 2010, 2:08pm D R A F T
X - 2 DE BARROS ET AL.: LP EVENT SOURCE MECHANISM AT MT ETNA
Abstract. 129 Long Period (LP) events, divided in two families were recorded1
by 50 stations deployed on Mount Etna within an eruptive context in the2
second half of June 2008. In order to understand the mechanisms of these3
events, we perform moment tensor inversion. Numerical tests show that un-4
constrained inversion leads to reliable moment tensor solutions because of5
the close proximity of numerous stations to the source positions. However,6
single forces cannot be accurately determined as they are very sensitive to7
uncertainities in the velocity model. These tests emphasize the importance8
of using stations located as close as possible to the source in the inversion9
of LP events.10
Inversion of LP signals is initially unconstrained, in order to estimate the most11
likely mechanism. Constrained inversions then allow us to accurately deter-12
mine the structural orientations of the mechanisms. Inversions for both fam-13
ilies show mechanisms with strong volumetric components. These events are14
generated by cracks striking SW-NE for both families and dipping 70◦ SE15
(fam. 1) and 50◦NW (fam. 2). The geometries of the cracks are different from16
the structures obtained by the location of these events.17
The orientation of the cracks is consistent with the local tectonic context on18
Mount Etna. The LP events seem to be a response to the lava fountain oc-19
curing on the 10th of May, 2008.20
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1. Introduction
Mt Etna is an active 3330 m high stratovolcano located on the East coast of Sicily21
(Italy). An eruptive period began on the 10th of May 2008 with a powerful lava fountain22
in the South East Crater, one of the four main summit craters. An eruptive fissure opened23
on the 13th of May on the East flank of the volcano, in the “Valle del Bove” [see e.g.,24
Cannata et al., 2009b]. The flank eruption stopped on July 7th 2009.25
Long Period (LP) events recorded on Mount Etna have a frequency range between 0.226
and 1.3 Hz. In the last few years, they have been analysed and located in many studies27
[Falsaperla et al., 2002; Saccorotti et al., 2007; Lokmer et al., 2008; Patane` et al., 2008;28
Cannata et al., 2009a]. Sources of these events are found to be located a few hundred29
meters below the summit craters. They are ususally repetitive, which suggests a repeat-30
ing action of the same, non-destructive source process. Moment tensor inversion (MTI)31
has been performed on several volcanoes to quantify the source processes of these events.32
Most of these studies [e.g. Ohminato et al., 1998; Nakano et al., 2003; Chouet et al., 2003;33
Kumagai et al., 2002; Lokmer et al., 2007] suggest a fluid-filled crack mechanisms, often34
accompanied by single forces. Such a mechanism is supported by forward modelling of35
fluid filled resonator systems, with various geometries, such as crack or pipe. This reso-36
nance produces slow interface waves, also called crack waves, whose dispersive properties37
allow the generation of low frequency events from relatively small sources [Chouet , 1986;38
Ferrazzini and Aki , 1987]. The trigger mechanism for this excitation still remains uncer-39
tain, but they are usually related to instabilities in the fluid motion [Ohminato et al., 1998;40
Rust et al., 2008; Neuberg et al., 2006; Gilbert and Lane, 2008]. This fluid can be magma41
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[Neuberg et al., 2006], water or steam [Cusano et al., 2008; Kumagai et al., 2005], gas42
[Lokmer et al., 2007] or mixtures of these fluids [Ohminato et al., 1998]. In the contexte43
of the models outlined above the strong linkage between LP activity and fluid dynamics44
implies that the characterisation of LP source mechanisms is of fundamental importance45
in order to understand processes in magmatic systems.46
While MTI is an efficient tool to characterize Very Long Period events [Chouet et al.,47
2003], it is usually not stable for signals with periods of around 1s [Kumagai et al., 2010].48
This is mainly due to the poor knowledge of the velocity structure [Bean et al., 2008;49
Cesca et al., 2008], which induces uncertainties for the prediction of Green’s functions.50
This issue can largely be solved by using stations located very close to the source positions51
[Bean et al., 2008; Kumagai et al., 2010].52
53
On Mt Etna, the first MTI was performed by Lokmer et al. [2007] complemented by54
a full investigation of the LP properties [Saccorotti et al., 2007; Lokmer et al., 2008]55
and MTI of synthetic data [Bean et al., 2008]. These authors suggest that the source56
mechanism generating LP events consist of a subvertical crack striking NNW-SSE, with57
a gas “pulsing” excitation. However, their data set contains only one station located in58
the summit area. They suggested that a larger data set recorded in the close proximity59
to the sources would help to better constrain the inversion.60
For this reason, a joint Irish (University College Dublin), French (Universite´ de Savoie,61
Chambe´ry) and Italian (Istituto Nazionale di Geofisica e Vulcanologia, Catania and Pisa)62
experiment was conducted on Mt Etna in early summer during the 2008 eruption. An63
exceptionally high density network of 50 broad-band stations, 30 of them which were64
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located close to the summit, recorded LP events. De Barros et al. [2009] located the65
source positions of 129 selected events belonging to two different families sharing similar66
waveforms. They found shallow source locations with a temporal migration.67
In this study, we first present the data-set, and then use numerical tests to investigate the68
resolution and robustness of constrained [Nakano and Kumagai , 2005] and unconstrained69
inversion with the large number of stations available here. For real data we take a two step70
approach. In step I, unconstrained inversion is performed on LP signals and allows us to71
investigate the type of mechanism involved. In a second step, structural orientations are72
determined by a constrained inversion based on the source type identified in step I. The73
best solution is suggested to be a crack mechanism for both families. The interpretation74
of these cracks, striking SW-NE, are discussed in relation to the volcanic activity.75
2. Data
A total of 50 stations with three-component broadband sensors (30, 40 or 60 s cut-off76
period), were installed on Mt Etna between the 18th of June 2008 and the 3rd of July 2008.77
In particular, 30 of them were located at distance shorter than 2 km from the summit78
area (see figure 1).79
Before analyzing the data, we deconvolve the instrument response from the recorded80
signals. 129 events are selected and classified into two families [De Barros et al., 2009].81
The first family (63 events) is only recorded in the first day of the experiment (18th of82
June), while the second family (66 events) is distributed over the first four days. After the83
22th of June, the amplitude of the LP events strongly decreases by an order of magnitude.84
In the same period, the tremor amplitude increases. Since both LPs and tremor are in85
the same spectral range, it is impossible to recognize additional LP events.86
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Most of the energy of the selected events is concentrated between 0.2 and 1.5 Hz, with87
a peak around 0.9 Hz. However, signal spectra show another peak around 2 Hz, and88
some signals have higher frequency (20-40 Hz) contents. For both families, the waveforms89
(unfiltered and filtered between 0.2 and 1.5 Hz) and the spectral contents are shown in90
figure 2. Although the waveforms are quite similar, the spectral peaks are not the same91
for the two families. Family 2 exhibits a sharper spectrum, with a peak frequency slightly92
higher than in the case of family 1.93
De Barros et al. [2009] located the source of these events with a cross-correlation technique.94
The source positions are located below the summit craters at very shallow depth, between95
0 and 800m from the summit for the first family and 0 and 400 m from the summit for96
the second family. The hypocenter positions are clustered into a subvertical, dike shape97
structure striking NW-SE (family 1) which branches into two pipe-like bodies (family98
2). These two elongated structures belong to a same plane striking SW-NE and dipping99
45◦NW. Some events from the two different families share the same location, thus the100
waveform difference between the two families has to be ascribed solely to a different source101
mechanism. However, the similarities of waveforms indicates the action of the same source102
within individual families.103
3. Method
3.1. Moment tensor inversion
We performed a moment tensor inversion in the frequency domain as previously used
by Nakano et al. [2003], Kumagai et al. [2005] and Lokmer et al. [2007]. usn(r, ω) denotes
the nth component of the displacement field at station s, produced by a source located at
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the position r. Considering single forces, it can be expressed as:
usn(r, ω) = G
s
np,q(r, ω)Mpq(ω) +G
s
np(r, ω)Fp(ω), with n, p, q = x, y, z, (1)
Gsnp(r, ω) denotes the Green’s functions (GF) and G
s
np,q(r, ω) their spatial derivatives.104
We do not consider rotational effect as we assume a symmmetric moment tensor with105
Mpq(ω) =Mqp(ω).106
Equation 1 can then be rewritten in a matrix form. The data, merged in a column
vector d, are expressed as a linear form:
d = Gm, (2)
where G is the matrix containing the Green’s functions and their derivatives and m is
a column vector of the moment tensor components and/or single forces. As we assume
that the moment tensor is symmetric, only 6 moment tensor components and 3 single
forces have to be determined in order to recover the full mechanism and its Source Time
Function (STF). The inversion problem is then linear, and the equation 2 is solved for each
frequency by a classical least-square minimization. The associated misfit of the waveforms
is defined by
R =
(d−Gm)T (d−Gm)
dTd
. (3)
Inversion can be uncontsrained, i.e. performed considering only the 6 moment components
(MT) or the 6 moment components and 3 single forces (MT+F). In these cases, we have
6 or 9 independent parameters to determine. Nakano and Kumagai [2005] and Lokmer
et al. [2007] constrained the inversion to the particular mechanisms that are considered
the most likely source mechanisms generating the LP events: a Crack (Cr), a Pipe (Pi)
and an Explosion (Ex). We use the sets of equations given by Nakano and Kumagai [2005]
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to express the Cartesian components of the moment tensor as functions of the azimuth
angle φ and dip angle θ. Equation 2 becomes:
d = GM0f(λ/µ, θ, φ) +GFmF, (4)
where M0 denotes the Source Time function (STF), λ and µ are the Lame´’s constants.107
GF andmF are the Green’s functions and the source properties associated with the single108
forces, respectively. The last term of this equation refers to the inversion for single forces,109
and can either be included or omitted. If omitted, as the vector f is independent of the110
frequency, the inversion procedure reduces to an inversion for a single parameter, M0(ω),111
for given values of λ/µ, θ and φ. We search for the most likely solution by performing a112
grid search over the θ-φ domain. If single forces are considered (inversion denoted Cr+F,113
Pi+F and Ex+F), forces are determined for every φ and θ. For this constrained inversion,114
the number of unknowns to be determined varies from 1 (without single forces) to 4 (with115
single forces).116
Herein, azimuth φ and dip θ are defined using the convention of Lokmer et al. [2007, fig.117
2], i.e. φ is measured between 0 and 360◦ anticlockwise from East and θ is defined between118
0 and 90◦ from the upward direction. X, Y and Z refer to the East, North and vertical119
upward direction, respectively.120
3.2. Green’s functions (GF) computations
The Green’s functions are computed using the elastic lattice algorithm of O’Brien and121
Bean [2004]. The model is three-dimensional and includes topography. It is centered on122
the volcano summit and has an area of 21.5x16.4x7 km with a 40 m grid size. Absorbing123
boundaries (6 km wide) are applied at the bottom and the edges of the model in order124
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to prevent reflections from the model boundaries. As the topography strongly distort125
waveforms [Cesca et al., 2008; O’Brien and Bean, 2009], a free surface based on the Dig-126
ital Elevation Model (DEM) of Mt Etna is used. The source function used for the GF127
computation is a Gaussian pulse with a 10 Hz cut-off frequency to insure a flat response128
below 2 Hz.129
130
Bean et al. [2008] show that the moment tensor is very sensitive to incorrect velocity131
models, and particularly to shallow, low velocity structures. However, they also show that132
the effect of a wrong velocity model is stronger for stations further from the source. For133
stations close to the source, the near field effects are correctly taken into account in our134
simulation. Since 30 stations are located in the source near field (they are less than one135
wavelength away) and we do not have any information on the shallow velocity properties,136
we then choose to use a homogeneous model. Velocities for P− and S−wave are 2000 m137
s−1 and 1175 m s−1, respectively. These velocities are similar to the results of the recent138
tomographic study of Mount Etna [Monteiller et al., 2009] and to those determined in139
the location process of the LP events considered in this study [De Barros et al., 2009].140
Attenuation is also unknown in the shallowest part of the volcano. It is not as important141
as scattering and topographic effects [O’Brien and Bean, 2009] and it is not considered142
here.143
As shown by Lokmer et al. [2007], in the presence of a poorly resolved shallow velocity144
model the coupled inversion of LP signals for both position and mechanism is ambiguous145
and can lead to an erroneous solution. Moreover, the GF calculation for multiple sources146
with such a large number of receivers is computationally expensive, for both direct and147
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reciprocal approaches. We use the source location from De Barros et al. [2009]. As the148
events do not share exactly the same source location, we define an average source position149
for both families. We then use these positions for the inversion of all LP events. The150
average source positions have UTM coordinates of (499.4, 4178.76, 2.84) for family 1 and151
(499.5, 4178.45, 3.0) km for family 2, i.e. 490 and 330 m below summit level.152
4. Inversion of synthetic data
As shown by Bean et al. [2008] and Cesca et al. [2008], moment tensor inversion is153
very sensitive to shallow velocity structure. Chouet et al. [2003] show the importance of154
a correct source location. The homogeneous velocity model is too simple to accurately155
reproduce the complexity of the waveforms. To asses the sensitivity of our inversion to156
uncertainities in the velocity structure, source mislocation and noise, we perform inversion157
of noisy numerical data computed with a velocity model and a source location different158
from those used in the Green’s functions calculation. We also intend to assess: 1) if a159
constrained inversion gives more reliable results than an unconstrained inversion, and 2)160
if single forces have to be considered in the inversion.161
162
The velocity model used to compute the numerical data is a gradient with a VP increase163
from 1600 m s−1 to 2.5 m s−1 from the surface to 500 m below the summit level. The164
source location is misplaced by 90 m in the horizontal plane and 120 m vertically compared165
to the position where the GF’s are computed. The source function is a Ricker wavelet,166
with 1 Hz central frequency. Synthetic data are computed for two cases: 1) Vertical crack167
(3,1,1) with the crack-normal oriented along X−axis and amplitude M0 = 31012 N m; 2)168
Same as case 1 adding a single force with components (FX , FY , FZ) = (9, 9, 9
√
2)109 N.169
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Random noise is band-pass filtered in the same spectral range as that used for the wave-170
forms. It is then added to the synthetics in order to achieve a noise level similar to the171
one present in the data (20 % of maximum amplitude at etsm station in the considered172
frequency band). As for real data, for stations further than 2.5 km from the summit LP173
signals and noise have similar amplitude.174
175
For case 1 (i.e. true source is a crack without single forces), the moment tensor is well176
reconstructed by unconstrained inversion with, and without, single forces (see fig. 3 and177
table 1). The reconstructed moment however has a higher amplitude than the true solu-178
tion. This is an expected result as the GF source is deeper (120 m) than the data source179
location. We then invert the synthetic data for a Crack, Pipe and Volumetric constrained180
mechanism (see tab. 1). Minimum residual is obtained for the correct mechanism, i.e. for181
the crack, its orientation and the STF are correctly recovered. As the solutions with and182
without noise are similar (not shown in figure), MTI does not appear to be very sensitive183
to the noise in this case.184
However, the wrong velocity model, and the mislocation, produce spurious forces. Con-185
verted waves are generated by the gradient velocity model. As the radiation pattern of186
converted waves are comparable to the radiation patterns of the single forces, the inversion187
process leads to spurious single forces to accomodate the reconstruction of these waves.188
Moreover, for all stations, arrival times of the waveforms are different when waveforms189
are computed with mislocation and wrong velocity models. Moment tensors do not seem190
to be strongly affected by these time shifts for such a near-field deployment. This effect191
is once again accomodated by the singles forces as their STF appear shifted compared to192
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those of the moment. Because of these effects (converted waves, arrival time shifts), the193
amplitudes of the spurious single forces are comparable to the amplitudes of the moments.194
The spurious forces are very similar for both inversions presented in figure 3, as they are195
representative of the model errors. Constrained, or not, the inversion does not help to de-196
termine if single forces are real or due to mismodeling in the GF computations. However,197
the RMS difference between inversion, with and without single forces, is very small.198
199
The same inversions are carried out for case 2 where the true source is a crack and a200
strong single force (see fig. 4 and table 1). The inversion for moment only (MT) gives201
a mechanism similar to a pipe (1,2,2.3) which is far from the true solution. However,202
the moment tensor components reconstructed by the unconstrained inversion (MT+F)203
are very close to the true solution. The same results are obtained for crack-constrained204
inversions (Cr and Cr+F): moment is not reliable when forces are not considered as the205
reconstructed crack appears to be horizontal instead of vertical. The inversion constrained206
for crack and single forces (Cr+F) gives very good results. For the constrained inversion207
for different geometries (Pi, Cr and E), the RMS minimum is not necessarily obtained208
for the correct mechanism. As shown by Lokmer and Bean [2010], radiation patterns for209
Crack and Pipe mechanisms are very close, and can appear similar if the data coverage is210
not perfect. When including single forces, the RMS minimum leads to a crack mechanism,211
but the RMS differences is still very small.212
Similarly to case 1, the forces found in case 2 inversion tests are not properly reconstructed213
as they include spurious forces due to velocity mismodeling and mislocation. The differ-214
ence in RMS values between inversion with and without single forces is larger than for215
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case 1, but it is not large enough to assure that forces are real.216
217
Moment tensor inversions do not allow single forces to be properly reconstructed and to218
estimate if they are real or the result of mismodeling and mislocation. However, numerical219
tests show that the moment is more reliable if the inversion is carried out considering free220
single forces. Consequently, herein we allow single forces in the inversion, to compensate221
for the errors coming from the velocity model and the source location. These single forces222
are not considered for the interpretation of the mechanism. A similar conclusion has been223
reached by Sˇ`ıleny` [2009], who shows that, for earthquakes with double-couple mechanisms224
with a small non-shear component, and in the presence of mislocation and mismodeling,225
solutions are more stable when considering the 6 MT components than for a constrained226
double-couple inversion. Therefore, it can be sometimes better to have more unknowns227
in an inversion process, in order to accomodate the errors. However, synthetic tests, like228
the ones presented here, are always necessary to choose an inversion strategy (constrained229
MTI?, single forces?), as results will strongly depend on station density and topography.230
In agreement with Bean et al. [2008], MTI appears to be very sensitive to shallow velocity231
stuctures, but this is balanced here by using stations very close to the source.232
5. Moment tensor inversion of Mt Etna data
We invert data from both families to determine the moment tensor using 16 stations (see233
section 6 for a justification of the number of stations) with the best azimuthal distribution234
and signal-to-noise ratio. Since some stations were not available at the beginning of235
the experiment, the set of stations is different for each family. Individual events are236
contaminated by noise and do not share exactly the same source position [De Barros237
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et al., 2009]. The GF’s are however computed for fixed positions (see section 3). We238
carried out inversion for 44 and 39 events for family 1 and 2, respectively. The mean239
STF is obtained by averaging all the reconstructed STF and the standard deviation gives240
us errors associated with noise and mislocation. Errors for family 1 (fig. 5) are larger241
than for family 2 (fig. 6), but the calculated STF does not show any strong variations for242
either family. The reconstruction of the STF is not very sensitive to the noise and to the243
mislocation. As expected for LP multiplets, the source process is perfectly repetitive.244
For both families we use a two-step approach : 1) we invert for an unconstrained solution,245
in order to determine the most reliable mechanism type (Crack, Pipe), and 2) we use246
results of step 1 to constrain the inversion and to quantify the structure details (e.g. dip,247
azimuth).248
5.1. Family 1
For family 1, the STF reconstructed by unconstrained inversion with and without single249
forces are very similar (fig. 5a and b). The RMS value (see table 2) is however consid-250
erably lower when forces are considered. Forces, whether physical or an artefact, do not251
change the moment tensor solution in this case. Waveform matches between data and252
reconstructed waveforms are shown in figure 7 for the 16 stations used for the uncon-253
strained inversion with single forces for an individual event. Fits are very good for most254
of the stations very close to the source position. They disimprove for stations with lower255
amplitude signals, due to the lower signal-to-noise ratio and because inversion give more256
weight to the signals with largest amplitude.257
The STF for unconstrained inversion (MT and MT+F) can be interpreted as a crack (e.g.,258
1,1.1,2.3 for MT+F inversion). In the second step, we invert for a crack solution, with259
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and without single forces, and search for the azimuth and dip (fig. 5 c and d). Whereas260
STF functions are slightly different for the four inversion results, they show a very similar261
amplitude and orientation of the crack mechanism. These results are in close agreement262
with the numerical tests shown in figure 3. We can therefore assume that the single forces263
are probably not real or too weak to be reconstructed. The moment tensor components264
are well reconstructed in each of the inversions used and show a crack whose normal is265
oriented with azimuth φ=-40◦ and dip θ=70◦ .266
267
5.2. Family 2
The moment tensor solution for inversion with and without single forces are very differ-268
ent, both for the mechanism and for the STF (see figure 6). The RMS difference between269
these two inversions is very large. The waveforms cannot be properly explained without270
forces, though they are very well reconstructed when forces are considered (see figure271
8). Analogous to the numerical tests shown in figure 4, we are more confident with the272
solution reconstructed with single forces. However, the strong time shifts between the273
different moment components and single forces do not allow an easy interpretation of274
the mechanisms. If we use a Principal Component Analysis (PCA) for the moment part275
[Vasco, 1989], the first principal component shows eigenvalues of (1,1.1,1.6), with more276
than an 80% isotropic component. However, in this case, the deviatoric part of the mo-277
ment is pratically neglected because of the time shift between the different components.278
By removing the isotropic component first, the PCA analysis leads to a CLVD dominant279
mechanism (70 %) with the major axis pointing in the (φ=110◦, θ=50◦) direction. If we280
use only the absolute maximum of the STF, we find a source mechanism of (1,1.5,2.2)281
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with same orientation for the major axis.282
To solve this uncertainity, we perform constrained inversion for a crack, a pipe and an283
explosion (see table 2). Smaller RMS values are obtained for the crack mechanism. The284
orientation of the crack is φ=110◦ and θ=50◦ . The pipe and the explosive constrained285
inversion show slightly higher RMS. We choose to discard these mechanisms as they do286
not show a major axes with orientation consistent with the one obtained by the uncon-287
strained inversion. Both the unconstrained inversion and the constrained crack inversion288
show a mechanism with strong volumetric components and a major axes in the (φ=110◦ ,289
θ=50◦) direction.290
This case is similar to the inversion of synthetic data computed for a crack and single291
forces (fig. 4). The amplitude of the forces is quite strong and at least part of these forces292
may be real. However, as shown by synthetic tests, it is impossible to accurately recon-293
struct the forces. For this reason, the single forces will not be quantitatively described294
and discussed.295
6. Discussion
6.1. Station distribution and density
Only 16 stations are used in the inversion. However, 30 stations close to the summit296
recorded signals with amplitudes above the noise level for family 2 and part of family297
1. To investigate the influence of the number of stations, we invert events from family 2298
gradually changing the number of stations from 30 to 6. Using between 10 and 30 stations,299
we find that the number of stations does not change the solution as long as: 1) a correct300
azimuthal distribution is respected and 2) some stations closest to the sources are used.301
This is mainly because the stations closest to the source strongly constrain the solution.302
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Using less than 8 stations, MTI leads to a different and certainly erroneous solution.303
However, this result can not be directly generalised to any other station distributions and304
any other volcano.305
Moreover, we do not use the same set of 16 stations for family 1 and family 2. We306
also verify that the difference between the solutions obtained for the two families is not307
produced by this dataset difference. Inversion of family 2 events leads to a similar result308
when using either set of stations.309
Lokmer et al. [2007] show that the stations closest to the source help to constrain the310
source time function, while the others can be used to determine the mechanism. Here,311
the STF does not resemble the waveform recorded at the closest station (summit station312
etsm). Signals from this station show a complex waveform (see fig. 8) probably due to313
near field effects and strong site effects. However, the other stations with small offset from314
the source display a signal very similar to the STF. In general, for stations close to the315
source, LP waveforms are not strongly distorted by propagation effects, which stabilizes316
the STF reconstruction. In this case, numerical tests show that unconstrained inversion317
allows a correct reconstruction of the mechanisms if the velocity model is consistent with318
reality. As this was not possible with the station distribution used by Bean et al. [2008],319
moment tensor inversion is sensitive to the station distribution.320
In conclusion, MTI requires stations in close proximity to the source (near summit stations321
in our case) to be acurate, but not necessarily a large density of stations (i.e. a minimum322
of 8 near summit stations in our case).323
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6.2. Source mechanisms
Solution for moment tensor inversion for both families suggests a crack mechanism. Fig-324
ure 9 graphically summarizes the orientation of the solution for the moment components,325
with the orientation of the main location structures found by De Barros et al. [2009].326
We are confident of the crack solution found for family 1, as it appears stable for all of327
the inversion tests. For family 2, the unconstrained solution shows a high volumetric328
component with a mechanism between a crack and an explosion. Even if the geometry is329
not clearly defined, the crack solution appears to be the most likely solution.330
331
The principal moment component for both families are around (1,1,2). To obtain these332
values for a crack, we need a Poisson’s ratio of ν = 1/3, which implies λ = 2µ. This high333
ratio is classically related to the high temperature in volcanic rocks [Chouet et al., 2003].334
Fractured and unconsolidated media can also present high Poisson’s ratio [e.g. Bourbie´335
et al., 1986], which is most likely the case in the near subsurface on volcanoes. Another336
possible explanation of the difference with the theoretical crack mechanism (1,1,3) is that337
the latter is computed for an idealised point source with no realistic boundary conditions338
between the cracks perimeter and the surrounding medium. We also note the presence of339
strong single forces and time shift between the moment components, specially for family340
2. If some of these forces are real this might mean that the mechanism is more complex341
than can be solved by the MTI as used here as 1) the source can comprise several time342
delayed mechanisms, 2) it can have a spatial extend with complex geometry, and 3) it343
may not be described by a first-order moment tensor. Numerical experiments have yet344
to be conducted to investigate how to recover complex sources such as pressure dipole,345
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torque effects, etc.346
347
Orientations of crack normals are (φ=-40◦, θ=70◦) and (φ=110◦, θ=50◦) (see figure 9),348
which correspond to cracks in the SW-NE and WSW-ENE directions. Uncertainty due349
to the inversion process is ±10◦. Cracks of both families are roughly orthogonal but their350
strikes show a similar orientation (between N40◦ E and N70◦ E).351
The orientation of those cracks are different from the crack found by Lokmer et al. [2007]352
(φ=35◦ and θ=72◦). However, these events were recorded during the 2004 eruption and353
showed different waveforms and spectral characteristics. They are certainly associated354
with different source mechanisms.355
For family 1, De Barros et al. [2009] found that the source locations of the events de-356
scribe a dike-like structure with normal oriented in the (φ=60◦, θ=85◦) direction. The357
crack obtained by moment tensor inversion is approximately orthogonal to this location358
structure. The source locations of family 2 events form into two pipe-like volumes. For359
both families, the crack mechanism and the source location structures are thus different,360
i.e. the events are not directly produced by the structure in which they are located. How-361
ever, for family 2, the two pipe-like bodies belong to a same flattened structure, with a362
normal orientation of (φ=120◦, θ=50◦) as shown in figure 9. This structure has the same363
orientation as the crack solution of the MTI, i.e. the pipes and the cracks belong to the364
same plane.365
As expected, the inversion of all the individual events (see fig. 5 and 6) shows that the366
mechanism is perfectly repetitive. As the source location of the events within the two367
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family change, different structures have to produced the same signals.368
369
For both families, the source time function is very short (i.e. less than 4s), which sug-370
gests a pulsing rather than an oscillating mechanism. Amplitudes of the seismic moment371
are about 43 and 25 109 N m for family 1 and 2. Volumetric change ∆V can be estimated372
from M0 = µ∆V . From the velocity of the medium we compute a rough approximation373
of the shear modulus: µ = 2.9 GPa. The volume changes are 15 and 9 m3 respectively.374
These volumes are smaller than the one found by Lokmer et al. [2007], but they are in375
agreement with the lower amplitude of the signals and the shallower source positions.376
These volumes correspond to a normal displacement of 1 mm for a 100 meter sided square377
crack and 10 cm for a 10 m one.378
379
6.3. Relationship to the eruption
De Barros et al. [2009] and this study show that 1) LP events are spread out along380
structures located between 800 m and the surface; 2) Their source mechanisms are re-381
lated to cracks, not necessarily similar to the location structures; 3) Crack strikes are382
roughly similar while dips are orthogonal; 4) Signals and source mechanisms are perfectly383
similar within each family.384
385
Following the lava fountain of the 10th of May 2008, an eruptive fissure opened on the386
eastern flank of the volcano below the LP source locations. Lava flowed a distance of 1.5387
km. It is unlikely that magma was uprising to the upper part of Mount Etna and more388
likely that only gases were being released from the summit craters. This suggests that LP389
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events are not directly related to magma movements. Moreover, gases are the most likely390
fluids present in the main conduits and in the fractures surrounding them.391
The lava fountain is associated with high fluid pressure. This can destabilize the edifice,392
by opening fractures in the upper part of the volcano. After this event, the fracture393
lava flow and the summit degassing certainly drained the cone producing a decrease of394
the pressure. The LP events may be linked to this decompressive phase. The decrease395
of pressure can lead to the closure of those fractures, as the volcano settled due to its396
own weight. Patane` et al. [2008] analysed a family of LP events (called family 2 in397
Patane` et al. [2008]) occurring only after the lava fountains of 2007, which have similar398
characteristics to the events studied here. They lasted for approximately one month after399
the lava fountain and were interpreted as the response to the volcano deflation. This is400
also confirmed by Falsaperla et al. [2002] who linked the LP activities to the collapses of401
the crater floor. In this case, the fluids involved can be gases or steam. Gases contained402
in the cracks are suddenly expelled to the main conduits. This can produce LP events403
with mechanisms similar to hydraulic transients [Ferrick et al., 1982] or hydrodynamic404
instabilities of nonlaminar flows [Rust et al., 2008]. This hypothesis can be linked to405
the laboratory studies performed by Benson et al. [2008], who show that decompression406
phase in rock samples can generate LP events in complex-shape fractures belonging to407
the damage zone of the main conduits.408
Cracks for both families are striking SW-NE. To generate these events, a set of parallel409
and similar fractures are required for family 1. The upper part of the volcano appears to410
be a highly fractured medium. The orientation of the cracks and of the location structures411
are consistent with the tectonic setting, which generate faults in the NW-SE and NE-SW412
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direction [Bonnacorso and Davis , 2004]. However, as they are in the shallowest part of413
the volcano, they are more likely due to gravity effects. In particular, the East flank of414
the volcano is collapsing and successive eruptions strongly destabilize this area.415
The cessation of the LP events after the 22nd of June suggests that the upper part of the416
volcano reached an equilibrium, where pressure and stress return to a static state. The417
decompression phase, following the lava fountain of the 10th of May, 2008, lasts about 40418
days, which is in agreement with the conclusion of Patane` et al. [2008].419
7. Conclusion
Two families of LP events, comprising 63 and 66 events respectively, are selected from420
the first four days of a seismic experiment on Mount Etna (18/06/2008-03/07/2008). 50421
stations, including 30 stations located in close proximity to the summit were used for this422
study.423
Moment tensor inversion of numerical data shows that, for this deployment, it is more424
reliable to use forces in the inversion to correctly describe the moment. However, the425
forces cannot be correctly reconstructed as they strongly reflect the errors coming from426
the velocity mismodeling and the mislocation. As MTI appears strongly sensitive to sta-427
tion distribution, numerical tests are hence required before every MTI. In general, stations428
close to the source positions are required to correctly invert Long Period events.429
We perform moment tensor inversion in two steps. First, we determine the type of mech-430
anism involved using unconstrained inversion. We then constrain the inversion to this431
particular mechanism to accurately find its characteristics, such as dips and strike. Inver-432
sions of the events of the two families show mechanisms with high volumetric components,433
most likely generated by cracks. For both families, cracks are striking in the SW-NE di-434
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rection, while their dip is roughly orthogonal. The crack orientations are thus different435
from the location structures obtained by De Barros et al. [2009]. This suggests that the436
LP events are generated by the faults which belong to the damaged zone around the main437
conduits of the volcano. We hypothesize that these events are related to the decompres-438
sion phase following the lava fountain of the 13th of May, and not to the lava flow from439
the flank eruption.440
MTI reveals strong forces, especially for family 2, but we are not able to determine if441
they are real or due to artefacts in the moment tensor inversion. We also observe time442
shifts between the moment components. These effects can be due to uncertainities in443
the velocity model or to complex sources (e.g., dual sources, torque...) that can not be444
accurately reconstructed by first-order MTI as used here. To solve this problem, a better445
knowledge of the velocity model is needed. To be able to unambiguously explain both446
moment and forces, a more general approach must take into account: i) extended sources,447
ii) multiple sources, and iii) rotational effects.448
449
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Figure 1. Broadband station positions on Mt Etna. Left: Mt Etna location (top panel)
and all stations on Mt Etna between the 18th of June and the 3th of July 2008 (bottom
panel). Contour interval is 250 m. Right: Summit area of the volcano with stations
located within 2 km from the summit. Contour interval is 100 m.
D R A F T April 9, 2010, 2:08pm D R A F T
DE BARROS ET AL.: LP EVENT SOURCE MECHANISM AT MT ETNA X - 29
0 5 10 15
−0.02
0
0.02
Time (s)
Ve
lo
ci
ty
 (m
m/
s)
10−1 100 101
0.5
1
Frequency (Hz)
A
m
pl
itu
de
0 5 10 15
−0.02
0
0.02
Time (s)
Ve
lo
ci
ty
 (m
m/
s)
10−1 100 101
0.5
1
Frequency (Hz)
A
m
pl
itu
de
Figure 2. Data of a single event from a) family 1 and b) family 2, recorded at et81
station, vertical component. Top panels: Waveforms (raw data and filtered data between
0.2 and 1.5 Hz) and lower panels: spectral content.
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Figure 3. Source Time Function (black thin lines) reconstructed using a) unconstrained
inversion for moment only (MT), b) unconstrained inversion for moment and single forces
(MT+F), c) constrained inversion for crack only (Cr), d) constrained inversion for crack
and single forces (Cr+F). Synthetic data are computed for a vertical crack (9,3,3) without
single forces, whose mechanism is shown by the thick grey lines. Noise is then added to
the synthetic data. Amplitude is 1012 N m for the moment and 109 N for the single forces.
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Figure 4. Source Time Function (black thin lines) reconstructed using a) unconstrained
inversion for moment only (MT), b) unconstrained inversion for moment and single forces
(MT+F), c) constrained inversion for crack only (Cr), d) constrained inversion for crack
and single forces (Cr+F). Synthetic data are computed for a vertical crack (9,3,3) and
single force (9,9,9
√
2), whose mechanism is shown by the thick grey lines. Noise is then
added to the synthetic data. Amplitude is 1012 N m for the moment and 109 N for the
single forces.
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Case Unconstrained Crack Pipe Explosion
Inv MT MT+F Cr Cr+F Pi Pi+F Ex Ex+F
N 6 9 1 4 1 4 1 4
1 RMS 29 24 46 28 52 47 69 63
2 RMS 47 27 63 37 56 39 74 54
Table 1. Results for different constrained (Cr, Pi, Ex) or unconstrained (MT) inversion
with and without single forces. N represents the number of free parameters during the
inversion process. Case 1 corresponds to synthetic data computed for a vertical crack
only, case 2 is for synthetic data for a crack mechanism plus a strong single force.
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Figure 5. MTI results for family 1: Mean solution and error bars for unconstrained
inversion of 44 events for a) moment only (MT) and b) moment and single forces (MT+F);
Constrained inversion of a single event for c) crack constrained inversion (Cr); d) crack
constrained inversion with single forces (Cr+F). Amplitude is 109 N m for the moment
and 106 for the forces.
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Figure 6. MTI results for family 2: Mean solution and error bars for unconstrained
inversion of 39 events for a) moment only (MT) and b) moment and single forces (MT+F);
Constrained inversion of a single event for c) crack constrained inversion (Cr); d) crack
constrained inversion with single forces (Cr+F). Amplitude is 109 N m for the moment
and 106 for the forces.
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Figure 7. Waveform fit between the data (continuous lines) and the synthetic seis-
mograms (dashed lines) for an individual event of family 1. Three single forces and 6
moments are considered in the inversion (MT+F). The RMS value is 27 % (see tab. 2).
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Family Inv N RMS (%) MTE
F1
MT+F 9 27 1:1.1:2.2
MT 6 61 1:1.5:3.2
Cr+F 4 38 1:1:3
Cr 1 78 1:1:3
F2
MT+F 9 21 1:1.1:1.6
MT 6 67 1:3.1:3.8
E+F 4 42 1:1:1
Pi+F 4 40 1:2:2
Cr+F 4 38 1:1:3
Cr 1 84 1:1:3
Table 2. RMS value, moment tensor eigenvalues (MTE) for both families and different
inversion. N is the number of unknowns.
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Figure 8. Waveform fit between the data (continuous lines) and the synthetic seis-
mograms (dashed lines) for an individual event of family 2. Three single forces and 6
moments are assumed in the inversion (MT+F). The RMS value is 21 % (see tab. 2).
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Figure 9. Source mechanisms obtained for a) family 1 and b) family 2 events, for
the crack constrained inversion (Cr+F). Lines represent the normalized eigenvectors. The
circular areas are the crack orientation. The light grey areas show the location structures
obtained by De Barros et al. [2009], i.e. a) a sub-vertical dike striking WNW-ESE for
family 1 and b) a 45◦ inclined plane striking SE-NW containing the two pipe bodies of
family 2.
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